Bunyaviridae is a large family of viruses that have gained attention as ''emerging viruses'' because many members cause serious disease in humans, with an increasing number of outbreaks. These negativestrand RNA viruses possess a membrane envelope covered by glycoproteins. The virions are pleiomorphic and thus have not been amenable to structural characterization using common techniques that involve averaging of electron microscopic images. Here, we determined the three-dimensional structure of a member of the Bunyaviridae family by using electron cryotomography. The genome, incorporated as a complex with the nucleoprotein inside the virions, was seen as a thread-like structure partially interacting with the viral membrane. Although no ordered nucleocapsid was observed, lateral interactions between the two membrane glycoproteins determine the structure of the viral particles. In the most regular particles, the glycoprotein protrusions, or ''spikes,'' were seen to be arranged on an icosahedral lattice, with T ‫؍‬ 12 triangulation. This arrangement has not yet been proven for a virus. Two distinctly different spike conformations were observed, which were shown to depend on pH. This finding is reminiscent of the fusion proteins of alpha-, flavi-, and influenza viruses, in which conformational changes occur in the low pH of the endosome to facilitate fusion of the viral and host membrane during viral entry.
T
he family Bunyaviridae consists of a diverse group of Ͼ350 viruses and is divided into five genera: Hantavirus, Nairovirus, Orthobunyavirus, Phlebovirus, and Tospovirus. Most members of the Bunyaviridae family are spread by hematophagous arthopods, such as mosquitoes and ticks. However, members of the genus Hantavirus are spread by persistently infected rodents (1) . Bunyaviruses are distributed worldwide, and many of them are considered ''emerging viruses,'' with increasing numbers of outbreaks. In addition, some members of the family, such as La Crosse virus (Orthobunyavirus), Rift Valley fever virus (Phlebovirus), CrimeanCongo hemorrhagic fever virus (Nairovirus), and Sin Nombre virus (Hantavirus), cause severe illness in humans, including hemorrhagic fever and encephalitis (2) .
Bunyaviruses are enveloped, spherical viruses (Ϸ100 nm in diameter), with a segmented negative-sense RNA genome. The three genome segments encode four structural proteins. The L segment encodes the RNA-dependent RNA polymerase; the M segment encodes the glycoprotein precursor, which is cleaved into two glycoproteins (G N and G C ); and the S segment encodes the nucleoprotein (N protein). The N protein is associated with the RNA genome and, together with the polymerase, forms the ribonucleoproteins (RNPs) (3) . The two glycoproteins are situated in the envelope and form surface protrusions called ''spikes. '' Bunyaviruses likely enter the cell via receptor-mediated endocytosis, as has been shown for many other animal viruses. Slightly acidic conditions of the endosome are required for the fusion between the viral and cellular membrane and for subsequent release of the RNPs into the cytoplasm (4-7). Nascent glycoproteins are inserted into the endoplasmic reticulum membrane during translation and mature to form heterodimers. The glycosylated dimers are transported to the Golgi, were they are retained until budding occurs (8) . Most enveloped viruses bud from the plasma membrane into the extracellular space; however, bunyavirus virions form by budding into the Golgi (9). Bunyaviruses do not have a matrix protein facilitating the interaction between the membrane and RNPs, as is seen in most negative-sense RNA viruses (10) . Instead, the RNPs interact directly with the cytoplasmic tails of G N or G C . The G N cytoplasmic tail has been shown to interact with RNPs and to mediate genome packaging (11) , and the cytoplasmic tails of both G N and G C contain motifs essential for virus assembly (12, 13) . From the Golgi, large vesicles filled with numerous viruses are transported to the plasma membrane, and the viruses are released (14) .
Uukuniemi virus (UUKV; genus Phlebovirus) is a particularly convenient model virus for studying bunyaviral packaging, budding, and structure. Firstly, UUKV is not a human pathogen (15) , and virions can be grown to high titers in cell culture and studied in low-biosafety-level laboratories. In addition, virus-like particles can be produced in different compositions, for example, with variable amounts of genome segments, for structural studies (16) . This tick-borne virus was isolated in Uukuniemi, Finland, in 1964 (17) . The UUKV glycoproteins, G N (75 kDa) and G C (65 kDa) (18) , are responsible for the structural stability of the virus and have been shown to be sufficient for formation of virus-like particles that are morphologically similar to wild-type UUKV (11) . The UUKV glycoproteins have been depicted clustered as hollow cylindrical morphological units (19) . The lateral organization of the spikes has been postulated to be icosahedrally symmetric, with hexameric and pentameric clusters creating a specific so-called ''T ϭ 12'' arrangement (19) , but the exact organization and structure of the spikes have remained obscure. In general, bunyavirus virion structure constitutes largely uncharted territory because no crystal structure of the two glycoproteins-and no 3D structures of the virionsexist for any of the 350 members of the family. Many family members have pleomorphic virion structures (20) and thus have not been amenable to structural characterization using the averaging techniques commonly used in the study of icosahedrally symmetric virions (21) .
In this study, we analyzed the structure of extracellular, purified, unstained UUKV particles by using electron cryotomography. The technique allows the 3D density distribution for a biological object to be resolved in a near-native, vitreous state (22, 23) . The 3D
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structure of the UUK virion was solved to 5.9 nm resolution, providing a structural model for a bunyavirus and insight into conformational changes in the glycoproteins during entry.
Results

UUKV Particles Display a Variable Degree of Pleiomorphy.
We collected tomographic tilt series of vitrified UUKV samples, and from these image series we calculated 3D density maps (tomograms). Three types of samples, which differed in their pH and fixation by glutaraldehyde (19) , were used for tomography: (i) pH6, a virus suspension buffered to pH 6 and fixed with glutaraldehyde, (ii) pH7, a virus suspension buffered to pH 7 and fixed with glutaraldehyde, and (iii) pH7*, a virus suspension without buffering, fixed with glutaraldehyde (Table 1) . Although particles in the pH7 (Fig.  1a ) and pH7* (not depicted) samples were distributed evenly across the electron microscopy grids, particles in the pH6 sample (Fig. 1b) formed large aggregates.
A slice through one of the pH7 tomograms is shown in Fig. 1c to illustrate general UUKV particle morphology. A variable degree of pleiomorphy is present in the particles. Some particles are round and regular, whereas other particles are distorted (Fig. 1, arrows) , possibly as a result of the purification procedure. The outer rim of the particles is occupied by spikes (Fig. 1, arrowheads) , which we assign to viral membrane glycoproteins. Beneath the spike layer is a continuous layer, which we assign to the lipid bilayer. Most of the analyzed particles (pH7, n ϭ 165, 92%) were uniform in size, with a maximal outer diameter of 125 Ϯ 6 nm (Fig. 2) .
Glycoprotein Spikes Show Two Distinct pH-Dependent Conformations.
The study provided direct evidence regarding conformational changes in the glycoprotein spikes and revealed that these changes are pH-dependent (Fig. 3) . We analyzed the structures of UUKV particles extracted from the tomograms of the three samples (Table  1) . Depending on pH, the spikes appeared as either ''flat'' (Ϸ8 nm in height), with a barrel-like appearance, or ''tall'' (Ϸ13 nm in height), with a more pointed appearance. Virions fixed with glutaraldehyde at constant pH 7.0 revealed tall spikes in 34 of 40 cases (85%) (Fig. 3a, pH7 ). In contrast, virions fixed at constant pH 6.0 revealed flat spikes in 7 of 9 cases (78%) (Fig. 3a, pH6 ). The third sample (pH7*) was fixed with glutaraldehyde without buffering the pH. This treatment caused a drop in pH from 7 to 6, presumably concomitant to fixation, and thus allowed us to capture a spectrum of conformations between the two extremes (pH7*; Fig. 3a) .
Comparison of particles with and without imposed icosahedral symmetry ( Fig. 3b left and right halves, respectively) verified the presence of icosahedral symmetry in the unsymmetrized particles. The comparison also verified the observed spike conformations in the unprocessed, although much noisier, data. Both tall and flat conformations of the spike revealed a cavity at the base of the spike, but in the tall conformation, the spike was closed at the top (Fig. 3c ).
Glycoprotein Spikes Organize on a T ‫؍‬ 12 Icosahedral Lattice. In the most regular particles of the three samples (pH7, pH7*, and pH6), we observed 122 glycoprotein spikes on the positions of a T ϭ 12 icosahedral lattice. In this lattice type, three hexavalent positions not related to each other by icosahedral symmetry (Fig. 4 , positions numbered 1-3) are located between the pentavalent positions ( Fig.  4 , pentagons). Position 2 is on an icosahedral 2-fold axis of symmetry, and position 3 is on an icosahedral 3-fold axis of symmetry. No other lattice types were observed in any of the 416 analyzed UUKV particles. The spikes at the pentavalent positions are slightly smaller (Ϸ12 nm in diameter) than spikes at other positions (Ϸ15 nm in diameter). Center-to-center spacing between the spikes is Ϸ17 nm, and an Ϸ3-nm-wide gap is present between the external parts of the spikes. Thin densities bridge this gap at all of the spike-to-spike interfaces, creating the major interspike contacts throughout the T ϭ 12 lattice (Fig. 4, arrows) . The spikes at hexavalent positions 1 and 2 were very similar in their structures. Because these positions are not related by icosahedral symmetry, the observed structural similarity between them proves that the applied symmetry is valid.
RNP Interacts with the Membrane. The tomograms revealed not only the surface structures but also the UUKV lipid bilayer and inner RNP densities (Figs. 3b and 5) . The lipid bilayer appeared as a continuous Ϸ5-nm thick layer at the average radii of 45 nm in the pH7 sample and 43 nm in the pH6 sample (Fig. 5) . This The maximum diameter of particles from the pH7 sample (n ϭ 165, 92%) followed a normal distribution (mean ϭ 125 nm, ϭ 6 nm).
difference in the position of the membrane indicates a change not only in the conformation of the external part of the glycoprotein spikes but also in the shape of the membrane when the pH is lowered from 7 to 6. The volume enclosed by the bilayer is Ϸ3 ϫ 10 5 nm 3 . RNPs occupy this volume as densely packed, thread-like structures, filling the interior volume and often closely following the curvature of the membrane. At times, several globular densities were evident, but no separation into three classes of RNPs-corresponding to the three different lengths of genome segments-was detected. Although the UUKV RNP density is not organized on regular shells, in the most ordered particles it located preferentially at radii 34, 19, and 9 nm in the pH7 particles and at radii 32, 18, and 10 nm in the pH6 particles (Fig. 5) . Thus, in both samples, the preferred radius of the RNP density proximal to the membrane was 11 nm from the membrane center. This spacing likely reflects the extensive contacts seen between the membrane and the RNP (Fig. 3b, arrows) .
Discussion
UUKV presents a unique enveloped virus architecture with glycoprotein spikes at T ϭ 12 positions (Fig. 6) . Because the nucleoprotein did not appear particularly organized under the membrane, and because UUKV lacks a matrix protein, the interspike contacts likely have a major role in determining virion shape. However, because the virion structure seems fairly flexible, the structure could only be captured by using electron cryotomography. In contrast, in all previously studied enveloped viruses, such as the flaviviruses, icosahedral organization of the continuous outer capsid results in a well defined structure and thus nearly identical virions (24) . Therefore, UUKV appears to represent a borderline case between strictly icosahedrally symmetric and truly pleiomorphic viruses. Before the development of electron cryotomographic techniques, pleomorphic viruses were not amenable to structural Fig. 3 . pH-dependent conformational differences in the glycoprotein spikes. (a) Individual particles with icosahedral symmetry applied are shown along the icosahedral 2-fold axis of symmetry. Representative particles from three different types of samples are shown, as indicated above the columns: pH7 was buffered at pH 7 and fixed with glutaraldehyde; pH7* was fixed with glutaraldehyde without buffering; pH6 was buffered at pH 6 before fixation. Each column represents data from a single particle. Isosurfaces were rendered at 1.5 above the mean density. analysis at this level of detail. However, only after more virus families are studied by using tomographic techniques will it be known whether this combination of pleomorphism and order is a surprising anomaly. Although glycoproteins form heterodimers during transport from the endoplasmic reticulum to the Golgi (25) , and form homodimers in solution when purified from virions (26) , the biochemical composition of the glycoprotein spikes in the virion remains unknown. In the icosahedral lattice, higher multimers would be expected to be present, creating the observed pentavalent and hexavalent structures; however, no oligomers of glycoproteins higher than a dimer have been characterized. On the other hand, hexameric glycoproteins at hexavalent positions are not strictly required, contrary to what has been previously suggested (19) . In fact, pseudohexameric dimers or trimers could occupy these positions-a phenomenon seen in many other viruses (27) . For instance, dimers of glycoproteins at hexavalent positions 1 and 2 (Fig. 4) , or spikes with different biochemical compositions at different positions, would give rise to a so-called ''pseudo-T ϭ 12'' triangulation.
The tomograms also revealed RNP densities in the interior of the virions. Although globular densities were sometimes evident, the RNP seemed mainly organized as a thread-like structure and was located preferentially at three radii. Very dense packing of the RNP, and limited resolution in the tomograms, hampered tracing of the continuity in the RNP densities. However, the contacts observed between the RNP and the membrane (Fig. 3b) , and a constant distance between them (Fig. 5) , likely correspond to the interaction between the cytoplasmic tails of the G N glycoprotein and the N protein in the RNP (11) . Because the RNP segments did not reveal segregation into separate densities, their organization may be principally different from that of influenza virus, in which seven rod-like segments seem to surround the eighth segment in the middle (28, 29) . The number of each genome segment, and the packaging mechanism in UUKV, remain to be determined.
The different pH-dependent conformations of the glycoprotein spikes-tall vs. flat (Fig. 3) -likely reflect a pH-dependent conformational change, primarily in the G C glycoprotein, a putative class II fusion protein (7, (30) (31) (32) . Both G N and G C form homodimers, but they differ in their pH sensitivity, as shown for proteins purified from the virions (26) . G N exists in a purely dimeric form, independent of pH, whereas G C exists as both dimers and monomers at pH Ϸ6.2 or above but will monomerize if pH is decreased below 6.0. The monomerization is thought to be caused by a pH-dependent conformational change. In addition, we observed aggregation of the virions at pH 6 (Fig. 1b) , probably due to exposure of hydrophobic areas of the glycoproteins. This observation agrees with a previous study (33) in which another bunyavirus, La Crosse virus, aggregated at pH 6.2 and below. It is also known that Uukuniemi virus entry is pH-dependent and occurs under conditions similar to those for Semliki Forest virus (at pH 6 or below) (26, 34) . We propose that the conformational change induced by low pH exposes hydrophobic parts of the spike glycoproteins, possibly in the G C protein. Furthermore, this conformational change would facilitate fusion between the viral and the host endosomal membrane, similar to many other membrane-containing viruses entering via an endocytic pathway (35) .
Our UUKV structural model (Fig. 6 ) is directly applicable for the phleboviruses in the family Bunyaviridae. Phleboviruses include several human pathogens, such as Rift Valley fever virus, sandfly fever virus, and Punta Toro virus (2, 3). The surface morphology of these viruses is very similar to UUKV, as shown by electron microscopy of negative-stained samples (20) . However, at the level of the whole Bunyaviridae family, a great degree of plasticity seems to exist in the glycoprotein lattices. Although phleboviruses appear to be the most regular members of the family, having a constant size and being only mildly pleiomorphic, other members vary in size and shape and have nonicosahedral glycoprotein lattice organizations. For example, the glycoprotein lattice in Hantaan virus (Hantavirus) has revealed a grid-like pattern, and the virions are usually elongated (20) . A electron cryomicroscopy study on La Crosse virus has shown that the majority of the particles are round but heterogeneous in size (36) . Further electron cryomicroscopy studies, in combination with tomographic reconstruction, will be required in order to determine the level of structural variation in the members of family Bunyaviridae. Together with x-ray crystallographic structure determination of the viral proteins, these studies will form the basis for understanding the virus-host interactions on cell entry and for a rational drug design against bunyaviral diseases.
Materials and Methods
Cell Culture and Virus Purification. BHK-21 cells (American Type Culture Collection) were grown in MEM, supplemented with 5% FCS, 5% tryptose phosphate broth, 2 mM L-glutamine, 50 IU/ml penicillin, and 50 g/ml streptomycin (Invitrogen). The cells were infected with UUKV at an infectious virus-per-cell ratio (''multiplicity of infection'') of 3. The stock virus, diluted in 5 ml PBS with 0.02% BSA, was incubated for 1 h in a T75 flask (37°C, 5% CO 2). Unadsorbed virus was removed, and 10 ml of cell culture medium (with 2% FCS and antibiotics) was added. The supernatant containing UUKV was collected 48 h after infection and clarified by low-speed centrifugation (1,000 ϫ g for 10 min). The pH of the supernatant was set by adding phosphate buffer to give pH 6.0 or pH 7.0 (50 M final concentration). No phosphate buffer was added to the pH7* sample. To preserve the particle surface morphology at different pH, acidic glutaraldehyde was added to the medium to a final concentration of 0.5% (19) . The virus suspension was concentrated through a sucrose cushion [20% sucrose in TN buffer (0.05 M Tris⅐HCl, 0.1 M NaCl, pH 6 or 7)] at 100,000 ϫ g for 1 h. The pellet was washed once in TN buffer before resuspending in the same buffer.
Electron Cryotomography and Image Processing. For electron cryomicroscopy, a 3-l aliquot of virus suspension was pipetted on a glow-discharged, holey carboncoated EM grid (37) . Excess suspension was blotted with filter paper, and the grid was vitrified by plunging into liquid ethane, before transfer into the microscope under liquid nitrogen temperature. Electron cryotomography was performed using a 300-keV electron microscope (Polara; FEI) with an energy filter (GIF 2002; Gatan) operated at zero-energy-loss mode with a slit width of 10 -20 eV. Fortytwo single-axis tomographic tilt series (Table 1) were collected, covering the angular range of approximately Ϫ66°to ϩ66°at 2°increments, using TOM acquisition software (38) or serialEM (39) under low-dose conditions, giving a total dose of Ϸ65-140 electrons per square angstrom per series. The images were Fig. 6 . Composite model of the UUK virion in a native state. During entry to the host cell via the endocytotic pathway, the glycoprotein spikes (blue, tall conformation) are thought to change their conformation to facilitate fusion between the viral membrane (yellow) and a host endosomal membrane and, further, to release the RNPs (brown) into host cell cytoplasm. A part of the glycoprotein shell, and a slightly smaller part of the membrane, are removed to reveal the virion interior. The glycoprotein spikes and the membrane are rendered at 1.5 and the RNP at 1.0 above the mean density. The resolution of the reconstruction is 5.9 nm. For visualization, the RNP density was denoised.
acquired by a CCD camera (2,048 ϫ 2,048 pixels; Gatan) at Ϫ7 m defocus and a final magnification of ϫ37,000, giving a pixel size of 0.81 nm. The data were computationally down-sampled to give a final pixel size of 1.6 nanometers per pixel. A low-pass filter to 1/3.6-nm spatial frequency was imposed during reconstruction, to account for the contrast reversals due to the contrast transfer function of the microscope at higher frequencies. Gold particles (10-nm diameter), added to the sample as fiducial markers, were used to align the tilt images with respect to each other, and reconstructions were calculated in IMOD (40) .
Further image processing was carried out in Bsoft (41), unless stated otherwise. If indicated, noise was computationally reduced in the tomograms by using nonlinear anisotropic diffusion in a combined edge-enhancing diffusion /coherence-enhancing diffusion mode for 10 iterations (42) . A total of 416 smaller volumes, each containing one virus particle, were extracted from 42 tomograms. Particles were centered iteratively against their own 3D radial density profile, independent of each other and the presence or absence of any symmetry. The position at which the radially averaged density dropped to the level of background density determined the maximal particle radius. A histogram of diameters was calculated, and a Gaussian function was fitted to give an average diameter and standard deviation (Fig. 2) . T ϭ 12 lattice was identified by using a template-matching approach, as described in supporting information (SI) Materials and Methods. Briefly, an iterative approach was used in which a computationally created model for the T ϭ 12 lattice served as an initial template. In the subsequent iterations, care was taken to avoid model bias. The particle orientations were refined to 3°accuracy. Radial density profiles (Fig. 5) were calculated for the averages of the most ordered particles (34 particles from the pH7 sample and 7 particles from the pH6 sample).
The visualized particles (Fig. 3) were subjected to resolution assessment. Two half-maps were calculated for each particle, using one half, or the other half, of the 60 icosahedral symmetry operators. The spatial frequency at which the calculated Fourier shell correlation coefficient between the two half-maps dropped below 0.5 determined the resolution of the particle. The analyzed particles were 5.9 -7.8 nm in resolution. This measure reflected not only the resolution of the original tomogram but also the degree of icosahedral symmetry in each particle and is thus a lower estimate for the overall resolution of the tomograms.
